The root accumulation and excretion of riboflavin (Rbfl) and Rbfl derivatives have been studied in the model legume species Medicago truncatula, grown in hydroponics in two different Fe deficiency conditions, with and without CaCO 3 . Using high resolution mass spectrometry techniques coupled to liquid chromatography, three different flavin derivatives not previously reported in plants, putatively identified as 7-hydroxy-Rbfl, 7a-hydroxy-Rbfl and 7-carboxy-Rbfl, were found along with Rbfl in Fe-deficient M. truncatula roots. In the presence of CaCO 3 most of the flavins were accumulated in the roots, whereas in the absence of CaCO 3 there was partial export to the nutrient solution. The major flavins in roots and nutrient solution were Rbfl and 7-hydroxy-Rbfl, respectively. Flavins were located in the root cortex and epidermal cells, preferentially in a root region near the apex that also exhibited increased ferric chelate reductase (FCR) activity. Six out of 15 different species of horticultural interest showed root increases in both Rbfl (four of them also having Rbfl derivatives) and FCR. No significant correlation was found between Rbfl and either phosphoenolpyruvate carboxylase or FCR activities, whereas the latter two showed a good correlation between them. The possible roles of Rbfl and Rbfl derivatives in roots and nutrient solutions are discussed. Medicago truncatula is proposed as a model system for flavin studies.
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Introduction
Iron is an essential micronutrient for all living organisms and the fourth most abundant element in the earth's crust. However, Fe deficiency is a crop yield-limiting factor, especially in calcareous soils where Fe occurs in scarcely soluble oxidized forms that are not readily available to plants (Lindsay and Schwab 1982) . When Fe deficient, plants typically use two strategies aimed at increasing Fe uptake. Strategy I relies on an Fe reduction-based mechanism, whereas Strategy II (restricted to grasses) uses an Fe chelation-based mechanism . Strategy I plant species develop a series of biochemical changes in roots, including the induction of an Fe(III) reductase [ferric chelate reductase (FCR)] in the cell plasma membrane (PM), encoded by members of the FRO family (Mukherjee et al. 2006) , an Fe(II) IRT transporter, which belongs to the ZIP family of metal transporters (Hall and Guerinot 2006) , and a PM H + -ATPase for proton excretion to the rhizosphere (Santi and Schmidt 2009 ). Other biochemical changes commonly found in Strategy I species are increases in the activity of phosphoenolpyruvate carboxylase (PEPC) and other enzymes, constituting an anaplerotic pathway for CO 2 fixation that provides energy and reducing power to support Fe uptake ). Morphological changes found in Strategy I species include an increase of the root area in contact with the rhizosphere, as well as root tip swelling and formation of lateral roots, root hairs and transfer cells (Schmidt 1999) .
Many Strategy I plants, when challenged with Fe deficiency, accumulate and/or export to the growth medium a plethora of compounds such as phenolics, organic acids, flavonoids and flavins (Ohwaki and Sugahara 1997 , Abadía et al. 2002 , Jin et al. 2007 , Cesco et al. 2010 , Rodríguez-Celma et al. 2011 . Some of these compounds have redox and/or metal-complexing capabilities that may facilitate Fe availability in the rhizosphere as well as in the root apoplast (Jin et al. 2007 , Cesco et al. 2010 , Ishimaru et al. 2011 . Although the release of these types of compounds by roots of Fe-deficient plants was reported a long time ago, detailed analyses of the specific compounds exported by different plant species and environments are still needed.
Long before the Strategy I mechanism was described, the yellowing of roots and nutrient solutions was observed with Fe-deficient plants (Weinstein et al. 1954 , Pound and Welkie 1958 , Frolich and Wallace 1966 , Nagarajah and Ulrich 1966 , Wallace 1971 , and the compound responsible for this color was identified as riboflavin (Rbfl) based on its spectral properties. All flavins are yellow-colored compounds sharing an isoalloxacine ring (7,8-dimethyl-10-alkylisoalloxacine) . Irondeficient plants accumulate in the roots and export to the growth media not only Rbfl (Welkie and Miller 1960 , Welkie and Miller 1993 , Welkie 2000 , Higa et al. 2010 , Rodríguez-Celma et al. 2011 ), but also other Rbfl derivatives such as the Rbfl 3 0 -and 5 0 -sulfates found in sugar beet and spinach (Susín et al. 1993 , Susín et al. 1994 . The capability to export flavins under Fe deficiency has been associated with the particularly high Fe efficiency of some plant species, although it does not follow obvious taxonomical categories (Welkie 2000) . Rbfl and its main derivatives, FAD and FMN, are well-known enzymatic cofactors implicated in many redox reactions, which play roles in one-and two-electron transfer processes. The redox potential of flavins changes markedly depending on the local environment, making them exceptionally versatile molecules from the chemical and biochemical points of view (Massey 2000) . The specific role(s) flavin compounds play in Fe-deficient plants is still unknown, although it has been suggested that the function could be related either to their accumulation in the root cell, as a cofactor or a component of redox reactions (Welkie and Miller 1993 , González-Vallejo et al. 1998 , López-Millán et al. 2000 , Higa et al. 2010 , or to the export to the rizhosphere, improving Fe availability or modifying the rhizosphere microbiome (Jordan et al. 1992 , Susín et al. 1993 , Yang et al. 2002 . A relationship between Fe and Rbfl biosynthesis and export has been described in some flavinogenic yeast strains and bacteria, where flavin biosynthesis is downregulated by Fe and both Rbfl synthesis and excretion increase upon Fe deficiency (Worst et al. 1998 , Stenchuk et al. 2001 .
Medicago truncatula is an emerging model legume with a number of genetic and molecular tools available (Benedito et al. 2008, Colditz and Braun 2010) that displays most typical Fe deficiency Strategy I root responses, along with flavin root accumulation and export (Andaluz et al. 2009 ). In Fe-deficient M. truncatula, Rbfl accumulates in the roots when the external pH is high (Rodríguez-Celma et al. 2011) , and is exported to the nutrient solution when external pH is low (Rodríguez-Celma et al. 2011) . Two of the enzymes involved in Rbfl biosynthesis in M. truncatula, DMRLs and GTPcII, are up-regulated at the mRNA level, and the amounts of the corresponding proteins increase in roots (Rodríguez-Celma et al. 2011) . Although other minor flavins also accumulate in M. truncatula, their identification has not been achieved so far.
The main aim of this work was to characterize the whole set of flavin compounds accumulated and exported by Fe-deficient M. truncatula plants grown in hydroponics at two different nutrient solution pH values, with (pH 7.7) and without CaCO 3 (pH 5.5). Flavins occurring in roots and the growth medium were identified using HPLC coupled to two different high-resolution mass spectrometry methodologies {electrospray ionization-mass spectrometry (time of flight) [ESI-MS(TOF)] and electrospray ionization collision-induced tandem mass spectrometry (quadrupole time of flight) [ESI-CID-MS 2 (QTOF)]}. Also, the localization of flavins in root tissues was carried out by optical and fluorescence microscopy. Furthermore, the possible association between flavin accumulation and export and other Strategy I responses was studied in M. truncatula by comparing the localization of flavins as well as those of the Fe(III) reductase and acidification activities. Finally, other species of horticultural interest belonging to a wide spectrum of plant families were grown in nutrient solution under Fe deficiency in the presence of CaCO 3 , and the flavins accumulated in the roots were characterized by the techniques indicated above. Also, the Fe reductase and PEPC activities were measured in the roots of these species, to gather information on the possible role of root flavin accumulation in the Fe deficiency response.
Results
Characteristics of M. truncatula plants grown under Fe deficiency
Medicago truncatula plants grown in hydroponics under Fe deficiency showed chlorosis symptoms, in both the absence (pH 5.5) and presence of CaCO 3 (pH 7.7) in the nutrient solution (Rodríguez-Celma et al. 2011) . At 3 and 6 d after the onset of the treatment, root systems were larger in Fe-sufficient and Fe-deficient plants grown at pH 5.5 than those of plants grown at pH 7.7 (see Supplementary Fig. S1 ). Six days after the treatment onset, roots of Fe-deficient plants grown at pH 7.7 showed yellow and swollen root distal regions and short lateral roots (Rodríguez-Celma et al. 2011 ) (see Supplementary  Fig. S1D ). Two different yellow zones can be distinguished in the root distal region, a hair-free zone ($3-7 mm from the apex) and a subapical zone that has root hairs ($12-15 mm from the apex). Roots of Fe-deficient plants grown at pH 5.5 also developed yellow and swollen root distal regions, but lateral roots in these plants were longer than those of plants grown in the presence of CaCO 3 . These roots often showed white zones between yellow areas, resulting in a characteristic yellow/white/yellow pattern along the roots (not shown). On the other hand, the yellow color was completely absent in roots from Fe-sufficient plants. The yellow color of Fe-deficient M. truncatula roots was due to the presence not only of Rbfl, but also of other as yet unidentified flavins (Rodríguez-Celma et al. 2011) . Therefore, we studied the whole set of flavin compounds accumulated and exported by Fe-deficient M. truncatula plants, using advanced HPLC-MS techniques.
Analysis of flavin-type compounds by HPLC/UV-VIS
Flavin compounds were separated in approximately 35 min using a C 18 column, and detected at a wavelength of 445 nm (Fig. 1) . Standards of Rbfl, FMN and FAD had retention times of 33.3, 28.4 and 27.4 min, respectively, and had similar UV-VIS spectra, with two broad maxima at approximately 370 and 445 nm (Fig. 1A) . Rbfl sulfates, known to be present in roots of Fe-deficient Beta vulgaris (Susín et al. 1993 ), appeared at a retention time of 29.9 and 30.7 min (not shown).
Chromatograms of root extracts from 6 d Fe-deficient M. trucatula plants showed four peaks (Fig. 1B) , one corresponding to Rbfl (at a retention time of 33 min) and three more minor unidentified peaks eluting at shorter retention times (at 15.6, 24.2 and 26.0 min). These peaks were assigned to flavin-type compounds based on their UV-VIS spectra (Fig.  1B) , and are hereafter called FC1, FC2 and FC3. The UV-VIS spectrum of FC1 showed, when compared with Rbfl, small hypsochromic shifts in the two main absorbance bands (Fig. 1B) . In the case of FC2, the spectrum showed a hypsochromic shift in the low wavelength absorption band and a bathochromic shift in the high wavelength absorption band (Fig. 1B) . The UV-VIS spectrum of FC3 showed a small hypsochromic shift in the low wavelength absorption band when compared with Rbfl (Fig. 1B) .
Chromatograms of flavin compounds isolated from nutrient solutions where M. truncatula plants had been grown also showed four peaks, with identical retention times and UV-VIS spectra to those found in the root extracts (Fig. 1C) . However, the main flavin in nutrient solutions was FC2 (Fig. 1C) .
Characterization of flavins in M. truncatula root extracts and nutrient solutions
The three unknown flavin-type compounds found in the M. truncatula root extracts and nutrient solutions were studied by HPLC coupled to two high-resolution MS techniques, HPLC/ UV-VIS/ESI-MS(TOF) and HPLC/ESI-CID-MS 2 (QTOF). The MS(TOF) spectra of Rbfl, FC1, FC2 and FC3 showed main ions (m/z, in positive/negative mode) at 377.15/375.13, 407.12/405.10, 379.12/377.11 and 393.14/391.13, respectively (Fig. 2) . None of the three unknown ions was observed in the MS(TOF) spectra of Fe-sufficient roots and nutrient solutions where Fe-sufficient plants had been grown. Based on the exact mass to charge (m/z) measurements (with all m/z errors <2 mDa; as the most likely elemental formulae for FC1, FC2 and FC3, respectively. The m/z and elemental formulae differences found between the FC unknowns and Rbfl suggest the following: (i) in FC1, the replacement of a methyl (ÀCH 3 ) for a carboxyl group (ÀCOOH), resulting in a mass change of +29.97 Da; (ii) in FC2, the replacement of a methyl for a hydroxyl group (ÀOH), leading to a change of +1.98 Da; and (iii) in FC3, the addition of a hydroxyl group (ÀOH), resulting in a change of +16.00 Da. These modifications in chemical structure are in full agreement with the retention time changes observed, which indicate relative polarities in the order FC1 > FC2 > FC3 > Rbfl.
In order to gain structural information on FC1, FC2 and FC3, we used HPLC/ESI-CID-MS 2 (QTOF), which allows fragmentation patterns of the parent ions to be obtained containing exact m/z measurements of each product ion. We used as fragmentation templates (in positive and negative mode) standards of Rbfl and other known Rbfl derivatives such as FAD, FMN and Rbfl sulfates, which share the same isoalloxacine moieity and differ in the ribose chain moieities. In all of these standards we found a number of MS 2 product ions, in negative and positive mode, which can be assigned to the isoalloxacine moieity (shown for Rbfl in Supplementary Fig. S2 ). Therefore, Rbfl data were used as a fragmentation reference. The MS 2 spectra of FC1, FC2 and FC3 showed product ions different from those found in the Rbfl template (Table 1, Fig. 2 ). However, some of these product ions corresponded, when compared with the non-fragmented parent ions, to losses identical to those found in Rbfl, confirming that all modifications in FC1, FC2 and FC3 were located in the isoalloxacine moieity ( Table 1) . A common feature of Rbfl, FC1, FC2 and FC3 was the neutral loss of C 4 H 8 O 4 in negative mode, which corresponds to a large part of the ribose chain (four out of the five C atoms; Table 1 and Supplementary Fig. S2 ): the differences in m/z found in the non-fragmented compounds (405.10, 377.11, 391.13 and 375.13 in FC1, FC2, FC3 and Rbfl, respectively) were identical to those found in the corresponding product ions (285.07, 257.07, 271.09 and 255.09 in FC1, FC2, FC3 and Rbfl, respectively) . In the case of FC1 no other common losses with Rbfl were found, and we concluded that the carboxyl group replaces a methyl group in position 7a or 8a in the isoalloxazine moieity. In the case of FC2 and FC3, they shared with Rbfl four additional neutral losses in the positive mode fragmentation pattern (C 7 H 11 NO 6 , C 6 H 13 NO 5 , C 6 H 11 NO 4 and C 5 H 10 O 4 ; Supplementary Fig. S2 ). This indicates that the modifications in FC2 and FC3 do occur in the homocyclic ring of the isoalloxacine moiety. In the case of FC2, the replacement of CH 3 by OH could occur only at positions 7 or 8, whereas in the case of FC3, the OH addition could occur either in the 7a or 8a methyl groups or in positions 6 or 9 of the isoalloxazine moieity.
The changes in the UV-VIS spectra of FC1, FC2 and FC3 ( Fig. 1) can provide, when compared with that of Rbfl, additional information for the structural elucidation of the flavin compounds. In the case of Rbfl, TDDFT (time-dependent density functional theory) calculations predict a one-electron highest occupied molecular orbital (HOMO) to lowest unoccupied molecular orbital (LUMO) transition at 435 nm (2.85 eV), and this is in good agreement with the UV-VIS spectrum (Fig. 1) . The molecular orbital topologies indicate that the electron densities in the HOMO and LUMO are preferentially located in C7 and C8, respectively (see Supplementary Fig. S3 ). Consequently, acceptor substituents in C7 cause a better stabilization in the HOMO compared with the LUMO, thus increasing the HOMO-LUMO gap and causing a hypsochromic shift; conversely, donor substituents in C7 cause a bathochromic shift. This situation is the opposite for substituents in C8, with acceptor and donor substituents leading to bathochromic and hypsochromic shifts, respectively. Therefore, the hypsochromic shift found in FC1 when compared with Rbfl indicates that the acceptor carboxyl group must be at C7; the calculated UV-VIS spectrum of FC1 predicts the lowest absorption band to occur at 412 nm, with a hypsochromic shift of 23 nm with respect to Rbfl, the same value found experimentally. Also, the bathochromic shift observed in FC2 indicates that the donor hydroxyl group must be at C7; calculations predict the lowest absorption band of FC2 to occur at 471 nm, with a 36 nm bathochromic shift that compares well with the 30 nm shift found experimentally. In the case of FC3, the minor changes found experimentally in the UV-VIS spectrum suggest that the hydroxyl group is not directly linked to the aromatic ring, with its donor ability having little effect in the HOMO and LUMO energies. Among the possible positions that can explain the MS fragmentation (6, 9, 7a and 8a), only the 7a and 8a positions are consistent with the UV-VIS spectrum. Comparison with FC1 and FC2, which are modified at the 7 position, leads us tentatively to propose the 7a substitution for FC3 as well. Therefore, FC1, FC2 and FC3 were putatively identified as 7-carboxy-Rbfl, 7-hydroxy-Rbfl and 7a-hydroxy-Rbfl (Fig. 2) .
Root flavin accumulation and export
The quantification of flavins accumulated in the roots was carried out by HPLC/UV-VIS ( Table 2) . In extracts of control plants, the only flavin present was Rbfl, in a concentration of approximately 2 nmol g À1 FW. In extracts of Fe-deficient roots Rbfl was the main flavin, with the other three Rbfl derivatives being present although in smaller amounts. In Fe-deficient plants grown in the absence of CaCO 3 , the root concentrations 
Data are means ± SD (n = 5). Numbers in parentheses indicate the percentage of total flavins. FC1, FC2 and FC3 stand for 7-carboxy-Rbfl, 7-hydroxy-Rbfl and 7a-hydroxy-Rbfl, respectively.
of Rbfl, 7-carboxy-Rbfl, 7-hydroxy-Rbfl and 7a-hydroxy-Rbfl were approximately 194, 5, 48 and 51 nmol g À1 FW, respectively ( Table 2) . In Fe-deficient plants grown with CaCO 3 , the root concentrations of Rbfl, 7-carboxy-Rbfl, 7-hydroxy-Rbfl and 7a-hydroxy-Rbfl were approximately 863, 4, 43 and 103 nmol g À1 FW, respectively ( Table 2 ). In the case of Rbfl, root concentration values similar to those presented here were obtained in parallel experiments (Rodríguez-Celma et al. 2011) .
In the nutrient solution of plants grown with Fe we only found traces of Rbfl (<1 nM), whereas in the nutrient solutions of plants grown in the two different Fe deficiency treatments, Rbfl, 7-carboxy-Rbfl, 7-hydroxy-Rbfl and 7a-hydroxy-Rbfl were present ( Table 2 ). In the absence of CaCO 3 , Rbfl, 7-carboxyRbfl, 7-hydroxy-Rbfl and 7a-hydroxy-Rbfl concentrations were approximately 23, 1, 62 and 5 nM, respectively [when expressed on a root FW basis, this corresponds to a Rbfl, 7-carboxy-Rbfl, 7-hydroxy-Rbfl and 7a-hydroxy-Rbfl effective export, in the 6 d treatment period, of approximately 40, 1, 109 and 9 nmol g À1 FW, respectively ( Table 2) ]. In the presence of CaCO 3 , Rbfl, 7-carboxy-Rbfl, 7-hydroxy-Rbfl and 7a-hydroxy-Rbfl concentrations were approximately 7, <1, 20 and 1 nM, respectively [when expressed on a root FW basis, this corresponds to a Rbfl, 7-carboxy-Rbfl, 7-hydroxy-Rbfl and 7a-hydroxy-Rbfl effective export, in the 6 d treatment period, of approximately 16, <1, 46 and 3 nmol g À1 FW, respectively ( Table 2) ]. In the case of Rbfl, nutrient solution concentration values similar to those presented here were obtained in parallel experiments (Rodríguez-Celma et al., 2011) . Therefore, at pH 5.5 M. truncatula plants exported 35% of flavins to the nutrient solution, whereas 65% of the total remained in the roots. Conversely, at pH 7.7 export to the nutrient solution accounted for only 6% of the total, with most of the flavins (94%) accumulating in the roots. In both Fe deficiency treatments, the major flavin exported to the nutrient solution (>65% of the total) was 7-hydroxy-Rbfl (FC2).
Localization and distribution of flavins in roots
The distribution of the flavin green fluorescence (emission at approximately 425 nm) along the root length was studied using root transversal slices 70 mm in thickness (Fig. 3) . In roots of M. truncatula plants grown under Fe deficiency for 1 d, no fluorescence was detected, whereas in those grown for 3 and 6 d flavin fluorescence occurred in the two yellow zones described above, with the highest fluorescence intensity being observed in the zone near the apex in both treatments (Fig. 3) . A better separation, with sharper fluorescence peaks in the subapical zone and the near the apex zone, was found in roots of Fe-deficient plants grown at pH 7.7 when compared with those grown at pH 5.5, probably associated with the reduced growth in the presence of CaCO 3 (Fig. 3) .
Transversal root sections indicate that flavin fluorescence was mainly located in root cortex cells (Fig. 4) . In the zone near the apex, flavins were observed in the whole cortex and also in epidermal cells (Fig. 4B, D, F, H) , whereas in the subapical zone flavins were visible in the inner part of the root cortex (Fig. 4A, C , E, G). The three-dimensional flavin distribution along the root length can also be observed in Supplementary Fig. S4 .
Regarding individual flavin compounds, the same composition pattern was found in the subapical zone and in the near the apex root zone in all Fe deficiency treatments and at all sampling times (from highest to lowest concentration): Rbfl > 7a-hydroxy-Rbfl > 7-hydroxy-Rbfl > 7-carboxy-Rbfl (Fig. 5) . At 1 d, all flavins were already present in the zone near the apex at pH 5.5, whereas at pH 7.7 Rbfl occurred, although at a lower concentration, along with traces of 7a-hydroxy-Rbfl. At 3 d, both root zones had similar flavin concentrations, with Rbfl concentrations being similar in both treatments and concentrations of the three derivatives being higher at pH 5.5 than at pH 7.7. At 6 d, the flavin derivatives were present at similar concentrations in the subapical zone and in the near the apex yellow zone in both treatments, with Rbfl being more abundant at pH 7.7. Whereas data shown in Fig. 5 describe the relative flavin composition of the two major yellow root zones, the differences in Rbfl content were more prominent when looking at whole root sections, which also include the Table 2) .
Localization of Fe reducing activity and acidification in excised roots
In situ localization in agar plates of root FCR and acidification activities in control and Fe-deficient plants grown with or without CaCO 3 , 3 and 6 d after treatment onset, are shown in Supplementary Fig. S5 . Red areas in the FCR activity assay indicate the formation of the complex Fe(II)-BPDS (bathophenanthrolinedisulfonic acid). Yellow areas in the acidification assay indicate agar pH values <5.2, whereas purple areas indicate agar pH values >6.8. FCR activity was visible at 3 d in root distal parts and lateral roots of plants from both Fe deficiency treatments (see Supplementary Fig. S5E, I ). At 6 d, a similar behavior was observed for plants grown at pH 5.5 (see Supplementary Fig. S5F ), whereas roots from plants grown at pH 7.7 showed red-colored areas generally restricted to the near the apex zone of secondary roots (see Supplementary  Fig. S5J ). The acidification activity was visible from day 1 (data not shown), and was distributed along the whole root length in both treatments at 3 and 6 d (see Supplementary  Fig. S5G , H, K, L). In the presence of CaCO 3 , an increase in pH near the roots was observed, possibly associated with CaCO 3 adsorbed (or present in the apoplastic space) in roots.
Effects of Fe deficiency on root morphology, Rbfl accumulation, and FCR and PEPC activities in different plant species of horticultural interest In all species studied, root FW decreased as a result of Fe deficiency, with decreases ranging from 6 to 89% (average decreases were approximately 40%; Table 3 ). The smallest decrease occurred in Spinacia oleracea and the highest in B. vulgaris. As described before in other plant species, Fe deficiency caused an increase in the number of lateral roots in all species studied, and this was accompanied by root swelling in all species except in Nasturtium officinale. Large, swollen and yellow root distal parts were observed in S. oleracea, Petroselinum crispum, Cucumis melo, B. vulgaris and Amaranthus caudatus, whereas Portulaca oleracea, Calendula officinalis and Anthemis arvensis roots were slightly yellow, but yellow root tips were absent. On the other hand, Borago officinalis, Eschscholzia californica, Silene armeria, N. officinale, Lupinus albus, Allium cepa and Mentha Â piperita did not show any root yellowing. Leaf Chl concentrations were 0.8-3.7 and 0.2-1.8 mmol g À1 FW in Fe-sufficient and Fe-deficient leaves, respectively (Table 3) . Chl decreased with Fe deficiency in all species, with decreases ranging from approximately 40% in N. officinale, Mentha Â piperita and A. cepa to 90% in B. officinalis, P. oleracea, S. oleracea and B. vulgaris.
Flavin analysis by HPLC/UV-VIS/MS(TOF) showed that Rbfl occurred in all root samples. In Fe-sufficient plants, root Rbfl concentrations ranged from 0.2 to 3.9 nmol g À1 FW, with the lowest concentration found in P. oleracea and Mentha Â piperita and the highest in C. melo (Table 3) . In Fe-deficient plants, root Rbfl concentration ranged from 0.01 to 10.2 nmol g À1 FW, with P. oleracea and Mentha Â piperita showing the lowest and P. crispum the highest concentrations. Root Rbfl concentrations increased with Fe deficiency in roots of S. oleracea, P. crispum, C. melo, B. vulgaris, A. caudatus, and A. cepa; increases ranged from 2-to 6-fold, with the lowest increase found in C. melo and the highest in B. vulgaris. Root Rbfl concentration did not change significantly with Fe shortage in the remaining nine species. Also, Rbfl derivatives were found in the roots of several species when Fe deficient: Rbfl sulfates were found in S. oleracea, B. vulgaris and A. caudatus and an unknown flavin compound was found in C. melo (not shown). 7-Carboxy-Rbfl, 7-hydroxy-Rbfl and 7a-hydroxy-Rbfl were not found in any of the species studied (except in M. truncatula).
Root FCR activities in plants grown in Fe-sufficient conditions ranged from 0.1 to 0.3 mmol Fe reduced g À1 FW h À1 , except in P. crispum, which had an FCR activity of 0.8 mmol Fe reduced g À1 FW h À1 (Table 3) FCR activity ranged from 0.1 to 3.0 mmol Fe reduced g
, with B. officinalis showing the lowest activity and A. cepa the highest. In all species studied, FCR activities were increased by Fe deficiency, except in B. officinalis and E. californica, where changes were not statistically significant. Increases in root FCR activity with Fe deficiency ranged from approximately 2-to 14-fold, with P. oleracea showing the lowest and S. armeria the highest increases.
Root PEPC activity in Fe-sufficient plants ranged from 0.02 to 0.51 mmol g À1 FW min
À1
, with B. officinalis and C. officinalis showing the lowest and A. caudatus the highest activities ( Table 3) . In Fe-deficient roots, PEPC activity ranged from 0.01 to 3.18 mmol g À1 FW min
, with B. officinalis showing the lowest and S. armeria the highest values. In nine out of the 15 species, PEPC activity was increased by Fe deficiency, with increases ranging from 40% (L. albus) to 12.4-fold (S. armeria). Anthemis arvensis and E. californica also showed slight (although not significant) activity increases with Fe deficiency, whereas four species, B. officinalis, P. oleracea, N. officinale and Mentha Â piperita, did not show changes in PEPC activity in response to Fe deficiency. In summary, upon Fe shortage, six species showed increases in root Rbfl concentration (four of them also having Rbfl derivatives) and FCR activity, although they were not among the highest FCR activities measured. Moreover, FCR activity increases in these six species were similar to those found in other species in which root Rbfl concentration did not change with Fe deficiency. Root FCR and PEPC activities and root Rbfl concentration were inversely correlated to leaf Chl concentration [Pearson correlation coefficients (r) of À0.456, À0.336 and À0.324, respectively, P < 0.05]. No significant correlation was found between Rbfl and either PEPC or FCR activities, whereas the latter two showed a good correlation between them (r of À0.710, P < 0.05). A multivariate statistical analysis [principal component analysis (PCA)] considering root FW, leaf Chl, root FCR and PEPC activities and root Rbfl concentrations indicated that the 15 plant species can be distributed in three different groups (Fig. 6) . All 15 species, when grown in Fe-sufficient, control conditions, are located in the same group in the PCA. This group partially overlaps in the PCA with a second group including eight species showing no increases in Rbfl and no or moderate increases in FCR and PEPC activities. A different group is constituted by only two species, S. armeria (a metal hyperaccumulator) and A. cepa, which showed the largest increases in FCR and PEPC activities when Fe deficient. It is remarkable that A. cepa, the only monocotyledonous species studied, also showed increases in Rbfl with Fe deficiency. The other five species which show an increased concentration of Rbfl and/or the occurrence of Rbfl derivatives in the roots when grown in Fe-deficient conditions belonged to a separated group in the PCA.
Discussion
In the present study, we found, using high-resolution MS techniques, that three flavin derivatives, 7-hydroxy-Rbfl, 7a-hydroxy-Rbfl and 7-carboxy-Rbfl, were produced along with Rbfl in Fe-deficient M. truncatula roots. Flavins were preferentially accumulated in the roots of plants grown at pH 7.7 (in the presence of CaCO 3 ) and partially exported to the solution when plants were grown at pH 5.5 (in the absence of CaCO 3 ). None of these three flavins has been previously reported to occur in plants. The most abundant was 7-hydroxy-Rbfl, accounting for 4-16% of the total flavins in the roots and for approximately 70% of the total flavins in the nutrient solution. This is the first time that a hydroxylated Rbfl derivative has been reported to be the major flavin compound released by roots upon Fe deficiency. The two other flavins annotated, 7a-hydroxy-Rbfl and 7-carboxy-Rbfl, were less abundant, but also occurred in both Fe deficiency treatments. These two minor flavins are the main catabolic Rbfl derivatives in animal urine (Ohkawa et al. 1983a , Ohkawa et al. 1983b , Chastain and McCormick 1986 . Up to now, only Rbfl and two other derivatives, 5 0 -and 3 0 -Rbfl sulfates, had been described to occur in roots in response to Fe deficiency in Strategy I plant species (Susín et al. 1993, Welkie and Miller 1993) .
Two lines of evidence, i.e. the localization and time-course development of the different responses studied, suggest that flavin accumulation in M. truncatula roots is more closely related to FCR activity than to proton extrusion activity. First, the highest concentration of flavins occurred in the cortex and epidermal cells of the near the apex root region, the same zone where the FCR activity was located, whereas proton extrusion occurred along the whole root length. Another root region, the subapical zone, also contained some flavins in the cortex cells, but showed no FCR activity. Secondly, the time-course appearance of the responses upon Fe shortage showed that FCR and flavin accumulation were only marked after 3 d, whereas proton extrusion reached high values more rapidly, as early as 1 d after treatment onset. In a previous study with Fe-deficient M. truncatula, the increase in the expression of MtHA1 was found to precede those of MtFRO and MtDMRL genes, with proton extrusion also preceding FCR activity and flavin accumulation (Andaluz et al. 2009 ). A similar, near the root apex localization of flavins has previously been shown in other species, such as Nicotiana tabacum (Welkie and Miller 1960) and B. vulgaris (Susín et al. 1993) . Flavin accumulation and root hair development seem to be regulated separately in M. truncatula, because root hairs were located in a region that only had low flavin contents and little FCR activity. However, in B. vulgaris the near the apex root region is the one that develops root hairs, and also shows high flavin contents and FCR activity. Since the apical root region is involved in nutrient uptake and rhizosphere exploration, a role for flavins in Fe-uptake and/or Fe-sensing processes is likely. Flavin accumulation in the roots has been suggested to have a direct role in FCR activity, either as a cofactor for the enzyme or facilitating electron flow for its activity (González-Vallejo et al. 1998 , López-Millán et al. 2000 , Higa et al. 2010 . Also, the accumulation of flavin compounds with a higher solubility than that of Rbfl may facilitate an electron bridge from cell sources (e.g. mitochondria) to the FCR in the plasma membrane.
Although it may be possible that microbial degradation of Rbfl during the 6 d treatment period may result in the occurrence of 7-hydroxy-Rbfl and related compounds, it must be taken into account that these flavins already occur in the M. truncatula root itself, and also that none of them (not even traces) was found in roots and exudates of any of the other species studied. Furthermore, 7-hydroxy-Rbfl and related compounds were not found in B. vulgaris roots and nutrient solutions (Susín et al. 1993 , Susín et al. 1994 . In the experiment involving 15 different plant species grown under Fe deficiency in the presence of CaCO 3 , all species accumulating flavins showed increases in FCR activity. However, flavin accumulation was not closely correlated to the induction of FCR and PEPC root activities in the species studied, supporting that flavin accumulation is a relatively common component, but not a mandatory part, of the Strategy I response. The absence of a strict correlation is not surprising, since FCR is strictly localized in the root plasma membrane, whereas flavin accumulation may be a much more complex phenomenon, involving production in the cytoplasm, as well as export to the vacuole and the rhizosphere. On the other hand, the existence of a strong correlation between the root PEPC and FCR activities in the different species studied confirms that PEPC plays a key role in the Fe deficiency Strategy I response (López-Millán et al. 2000 , Zocchi 2006 ). Data from this and previous studies reporting the presence of flavin compounds in different Fe-deficient plant species are summarized in Fig. 7 . Flavins have been shown so far to occur in plant roots or nutrient solutions in 29 species from eight families, whereas they were absent in 37 species from 13 families. In four families, flavins occurred in certain species, whereas in others they were absent, confirming previous reports (Welkie 2000) : for instance, in the Fabaceae family flavins occur in M. truncatula but not in L. albus. The presence of some Rbfl derivatives appears to be restricted to certain families: Rbfl sulfates have been found only in several species of the Amaranthaceae family, hydroxylated Rbfl derivatives have been found only in M. truncatula (Fabaceae family) and a different, still unidentified, Rbfl derivative occurs in two species [C. melo in this work and C. sativus (G. Zocchi, personal communication)] in the Curcubitaceae family. The fact that no flavins have been reported so far in Fe-deficient plants of the Brassicaceae family, including the common model species Arabidopsis thaliana, may hinder the study of flavin accumulation and export mechanisms. Medicago truncatula can be used as a model species to elucidate the role of flavin accumulation and export in Strategy I Fe deficiency studies.
It is not surprising that Rbfl derivatives could have been undetected in earlier studies on accumulated and exported flavins. In most of the previous studies on Fe deficiency that have reported the presence of flavin-type compounds in the roots (Weinstein et al. 1954 , Pound and Welkie 1958 , Nagarajah and Ulrich 1966 , Welkie and Miller 1993 or nutrient solutions (Welkie 2000 , Higa et al. 2010 , the identification of flavins was only made by comparison of the UV-VIS spectrum of the total root extract and/or growth media with that of Rbfl, which are practically indistinguishable in any case. In future studies on Fe deficiency, the real identity of the flavins present in plants and/ or nutrient solution must be ascertained using technologies such as HPLC-MS or others.
The presence of CaCO 3 in the nutrient solution markedly affects the allocation of Rbfl (Rodríguez-Celma et al. 2011) and Rbfl derivatives (this work) in Fe-deficient M. truncatula, as also occurs in sugar beet (Susín et al. 1993 , Susín et al. 1994 ).
This treatment does not cause major change in the availability of other nutrients (López-Millán et al. 2001) . In both plant species flavin root accumulation is highly favored at pH 7.7 (when CaCO 3 is present), whereas flavins are preferentially exported to the nutrient solution at pH 5.5 (when CaCO 3 is absent; this is a non-buffered solution and pH changes from the initial value of 5.5 to 4). Also, at pH 5.5 flavin production was rapid, starting at 1 d after treatment onset. The presence of CaCO 3 seems to delay temporarily the synthesis of flavins in M. truncatula, but in the long term flavins are accumulated in the roots and partially exported. Although Fe deficiency is commonly associated with high pH soils, the H + -ATPase-mediated proton extrusion to the rhizosphere may facilitate flavin export, allowing a possible role for flavins related to their presence in the rhizosphere near FCR activity zones. Taken overall, the results found support the existence of a still unidentified, pH-dependent PM transporter mediating the export of flavins to the nutrient solution.
The presence of highly soluble Rbfl derivatives (hydroxy-Rbfl in M. truncatula, Rbfl sulfates in the Amaranthaceae family, and an unknown derivative found in the Cucurbitaceae family) in the roots and nutrient solutions of Fe-deficient plants may also suggest an extracellular role for flavins in Fe deficiency. The solubility of these derivatives is one or two orders of magnitude higher than that of Rbfl. For instance, Rbfl sulfates can be in the millimolar range, whereas Rbfl has a maximum solubility of approximately 140 mM (Susín et al. 1994) . Flavin concentrations near the M. truncatula roots could have reached the micromolar range or higher if nutrient solution movement had been restricted. It has been hypothesized that highly soluble flavin compounds could be present in the rhizosphere in concentrations high enough to play a direct role in extracellular Fe reduction (González-Vallejo et al. 1998) , as recently shown in the microorganism Shewanella (von Canstein et al. 2008) , and/or be involved in other indirect processes that increase soil Fe availability by, for instance, modifying the rhizosphere microbiome (Jordan et al. 1992 , Susín et al. 1993 , Yang et al. 2002 . Flavins are also able to chelate Fe(II) and other metals (Albert 1953 ) by a mechanism possibly involving the isoalloxacine moiety of the molecule. However, there is no published evidence in plants for any such mechanisms.
Materials and Methods
Plant material
Medicago truncatula cv. 'Jemalong' plants were grown in a controlled environment chamber with a photosynthetic photon flux density at leaf height of 350 mmol m À2 s À2 photosynthetically active radiation, 80% relative humidity and at a 16 hÀ23 C/8 hÀ19 C, day/night regime (Rodríguez-Celma et al. 2011) . Seeds were scarified by nicking the seed coat, then imbibed overnight in distilled water and germinated on filter paper for 3 d in darkness and at 100% relative humidity. CaCO 3 for 1, 3 and 6 d. Other species of horticultural interest belonging to a wide spectrum of plant families were also grown in the growth chamber in the conditions described above. Species used included B. officinalis L. (borage), E. californica (California poppy), P. oleracea (purslane), S. oleracea L. (spinach), N. officinale (watercress), P. crispum (parsley), C. officinalis (marigold), C. melo (melon), A. arvensis (camomile), B. vulgaris ssp. cicla 'Witerbi Mangold' (swiss chard), Mentha Â piperita (mint), L. albus (white lupin), A. caudatus (amaranth), A. cepa (onion) and S. armeria (catchfly). Commercial seeds were germinated in vermiculite for 2-3 weeks and then transferred to half-strength Hoagland nutrient solution (10 plants of a given species per 10 liter plastic bucket) for a further 2 weeks. After this time, four plants of each species were transferred to 4 liter plastic buckets containing nutrient solution with 0 (Fedeficient; ÀFe +CaCO 3 ) or 45 mM Fe(III)-EDTA (Fe-sufficient; +Fe). The pH of the Fe-free nutrient solution was buffered at approximately 7.7 by adding 1 mM NaOH and 1 g l À1 CaCO 3 . Plants were sampled or used in the different analyses 10 d after treatment onset.
Root sampling and flavin extraction
Roots of all species were excised with a razor blade approximately 15-20 mm from the root apex, frozen in liquid N 2 and stored at À80 C until analysis. For extraction of flavin-type compounds, frozen roots ($100 mg) were ground in liquid N 2 using a Retsch M301 mill (Retsch GmbH) with 250 ml of 1 mM ammonium acetate, pH 6.0, containing 5% methanol. Extracts were filtered through polyvinylidene fluoride (PVDF) 0.45 mm ultrafree-MC centrifugal filter devices (Millipore) and stored at À80 C until analysis. To study the spatial localization of flavins along M. truncatula roots, root sections were excised with a razor blade at 1, 3 and 6 d after the onset of Fe deficiency treatments (root pictures are shown in Supplementary Fig. S1 ). At 1 d, only the apical zone (0-5 mm), containing root hairs, was sampled. At 3 d, two zones were sampled, a smooth apical zone (0-5 mm from the apex) and a second subapical zone containing root hairs (6-12 mm from the apex). Finally, at 6 d, two zones were sampled, a smooth apical zone (0-10 mm from the apex) and a second subapical zone containing root hairs (11-20 mm from the apex) (see Supplementary Fig. S1D ). Root sections were immediately frozen in liquid N 2 and stored at À80 C. Flavin extraction was carried out as indicated above.
Flavin extraction from nutrient solutions
Nutrient solutions of M. truncatula plants were collected 6 d after the onset of the Fe deficiency treatments. Flavins were concentrated from the filtered nutrient solutions (500 ml, PVDF 0.45 mm membrane filters) using SepPack C 18 cartridges (Waters), and then eluted with 2 ml of 100% methanol and stored at À80 C until analysis.
Flavin analysis by HPLC/UV-VIS/ESI-MS(TOF)
All eluents, buffers and standard solutions were prepared with type I water (Milli-Q Synthesis, Millipore). Ammonium acetate (99.99%, Sigma), Li hydroxide monohydrate (99.995%, Aldrich), formic acid (50%, Fluka) and methanol (LC-MS grade, Riedelde-Haën) were purchased from Sigma-Aldrich (St Louis, MO, USA). HPLC was carried out with a Waters Alliance 2795 HPLC system (Waters Mildford, MA, USA) equipped with on-line degasser, autosampler module and column oven. The column used was an analytical HPLC column (Symmetry Õ C18, 15 cm Â 2.1 mm i.d., 3.5 mm spherical particle size, Waters) protected by a guard column (Symmetry Õ C18, 10 mm Â 2.1 mm i.d., 3.5 mm spherical particle size, Waters). Autosampler and column temperatures were 6 and 30 C, respectively. The injection volume was 50 ml and the flow rate was 100 ml min
À1
. The mobile phase was built using three solvents: type I water (A), methanol (B) and 20 mM ammonium acetate in type I water, pH 6.0 (C). The pH was maintained at 6.0 by pumping 5% of solvent C during the chromatographic run. For separation of the flavins, a linear gradient from 5 to 50% B (0-35 min) was used. Then, to wash the column, the concentration of B was increased linearly from 50 to 95% from 35 to 38 min, and this solvent composition was maintained until 58 min. Finally, to regenerate the column, the solvent was changed linearly to 5% B until 60 min and then was maintained at 5% B until 80 min, when a new sample could be injected.
Flavin compounds were detected by coupling the HPLC to a photodiode array detector (PDA 2996 from Waters). UV-VIS absorption spectra were recorded from 200 to 600 nm. Rbfl was identified by comparison of the retention time and the UV-VIS spectra with those of a standard (purity ! 98%, Sigma). All flavins were quantified using an Rbfl calibration curve (peak areas at 445 nm). The exit flow from the PDA 2996 was connected to the ESI source (125 mm i.d. PEEK tubing; Upchurch Scientific Oak Harbor, WA, USA) of a time-of-flight mass spectrometer (micrOTOF, Bruker Daltonics Bremen, Germany]. The ESI-MS(TOF) operating conditions were optimized by direct injection of 10 mM solutions of Rbfl, FAD and FMN standards. Mass spectra were acquired in the m/z 50-1,000 range in negative and positive ionization mode. In negative ion mode, settings were À500, 3,000 and À135.6 V of endplate, spray tip and orifice voltages, respectively. In positive ion mode, settings were À500, 4,500 and 167.8 V of endplate, spray tip and orifice voltages, respectively. The nebulizer gas (N 2 ) pressure, drying gas (N 2 ) flow rate and drying gas temperature were 1.6 bar, 8.0 l min À1 and 180 C, respectively. The mass axis was calibrated externally and internally using Li-formate adducts [10 mM LiOH, 0.2% (v/v) (QTOF) analysis was carried out with an 1100 HPLC system (Agilent Technologies) coupled to a QTOF equipped with an ESI source (microTOF-Q, Bruker Daltonik). The HPLC conditions were the same as those described in the previous section. The ESI-CID-MS 2 (QTOF) operating conditions were optimized in order to maximize product ion signals using direct injections of a 10 mM solution of Rbfl. ESI-CID-MS 2 (QTOF) analysis was carried out in positive and negative ion mode, with capillary and endplate offset voltages of 4,500 and À500 V in positive mode, and 4,000 and À500 V in negative mode, using argon as the collision gas. Optimal collision cell energies of 10 and À10 eV were used for positive and negative mode, respectively, with an isolation width for the precursor ion of 4 m/z units for FC1 and FC3 ions, and 2 m/z units for FC2 and Rbfl due to their close m/z values (379.12/377.11 and 377.15/375.13 in positive and negative mode, respectively). To allow coupling with the HPLC system, the nebulizer (N 2 ) gas pressure and the drying (N 2 ) gas flow rate were 1.6 bar and 8.0 l min À1 , respectively. Spectra were acquired in the m/z 50-1,200 range. The mass axis was calibrated externally and internally using Li-formate adducts as described above. Bruker Daltonik software packages micrOTOF Control v.2.3, HyStar v.3.2 and Data Analysis v.4.0 were used to control the MS(QTOF) apparatus, interface the HPLC with the MS system and process data, respectively. Product ions were identified using the Smart Formula and Smart Formula 3D TM tools of the Data Analysis software, using mass accuracy and SigmaFit TM criteria.
Quantum chemistry calculations
DFT calculations were carried out with the Gaussian 09 software (Gaussian 09 revision A.2, Gaussian Inc.). Molecular geometries in aqueous solution were optimized using the hybrid B3LYP functional (Becke 1993 ) and the 6À31 + G** basis set (Francl et al. 1982) . Solvent effects were included using the SMD Model (Marenich et al. 2009 ). Vertical electronic excitation energies were computed by using the TDDFT approach (Runge and Gross 1984 , Gross and Kohn 1990 , Casida 1995 , Gross et al. 1995 and the SMD-B3LYP/6-311 + G** model chemistry on optimized geometries. The default Gaussian 09 parameters were used in every case. Molecular orbital contours for the HOMO and LUMO were plotted with Molekel 5.4 (U. Varetto, Swiss National Supercomputing Centre).
Three-dimensional root fluorescence measurements
Roots of Fe-deficient M. truncatula plants, grown in the ÀFe and ÀFe + CaCO 3 treatments for 1, 3 and 6 d, were excised with a razor blade and embedded in 5% agar. The root sections sampled were from the root apex to approximately 5-6, 10-12 and 15-20 mm for Fe-deficient plants at 1, 3 and 6 d after treatment onset, respectively. Then, consecutive 70 mm thick transversal root slices were obtained from the root sections using a vibrating blade microtome (VT1000 S, Leica Microsystems GmbH). Flavins have a green fluorescence when excited with blue light both in vitro and in vivo in plant roots (Susín et al. 1993 , Susín et al. 1994 . Fluorescence images of the root transversal slices (2,592 Â 1,994 pixels; x-and y-axis resolution of 360 Â 270 mm) were taken at Â 200 magnification with an inverted microscope (DM IL LED, Leica Microsystems GmbH) equipped with a fluorescence kit (340-380 excitation wavelength and 425 nm cut-off filter; A1 filter cube, Leica Microsystems GmbH) and a CCD camera (DFC 240C, Leica Microsystems GmbH). Only one of every two 70 mm slices was analyzed, and therefore the effective resolution of the fluorescence analysis in the z-axis was 140 mm. Depending on the length of the root sections, 27-82 root slices were analyzed per sample. Fluorescence signal quantification was carried out with imaging processing and analysis software (ImageJ, Wright Cell Imaging Facility; http://www. uhnresearch.ca/facilities/wcif ).
Localization of acidification and Fe reducing activity in M. truncatula roots Medicago truncatula root acidification and Fe reduction assays were carried out in agar in Petri dishes. Whole roots were excised, rinsed in type I water, blotted dry and then immersed in 0.6% pH 6.0 agar plates containing 500 mM CaSO 4 , and either 200 mM Fe(III)-EDTA and 100 mM BPDS for the Fe reductase assay or 0.0025% bromocresol purple for the root acidification assay. Roots were kept in the reaction media for 2 h in the dark and at 4 C.
Chl determination
For Chl determination, disks were taken from fully expanded leaves from plants illuminated for 2-3 h and then frozen in liquid N 2 . Chls were extracted with 100% acetone in the presence of Na ascorbate, and extracts were analyzed spectrophotometrically . Samples from three plants per treatment were taken for pigment quantifications.
FCR and PEPC activities in horticultural species
In all species, except M. truncatula, FCR activity was determined 2-3 h after light onset in whole root systems of intact plants by following the formation of the Fe(II)-BPDS 3 complex from Fe(III)-EDTA at 535 nm for 60 min, as described in Andaluz et al. (2009) . The experiment was run with one batch of plants, and three plants per treatment were taken for activity measurements. PEPC (EC 4.1.1.31) activity determination was carried out with approximately 50 mg FW of the root material. This was ground in liquid N 2 to a powder in a Retsch M301 mill (Retsch GmbH,), and then homogenized in 0.5 ml of extraction buffer containing 30 mM sorbitol, 1% bovine serum albumin (BSA) and 1% polyvinyl pyrrolidone (PVP) in 100 mM HEPES-KOH, pH 8.0. The homogenate was centrifuged for 15 min at 10,000 Â g and 4 C, and the supernatant was collected and analyzed immediately. PEPC activity was determined in a coupled enzymatic assay with malate dehydrogenase in a final volume of 1 ml of the reaction buffer (López-Millán et al. 2000) . The experiment was run in one batch of plants, and three plants per treatment were taken for activity measurements. Univariate and multivariate statistical analyses were carried out. Differences between treatments were defined using a Student t-test (P < 0.10). PCA was applied to the whole data set using SPSS v. 15 (SPSS Inc. Chicago, IL, USA).
